Gelatinization temperatures and endothermic energy of brown and milled rice flours of three rice varieties were investigated by using differential scanning calorimetry (DSC) at three levels of solid concentrations. The varieties included were, Lemont, a long grain, Rico-1, a medium grain, and Camochi, a short grain, having apparent amylose contents of 23%, 17.3% and 3.49%, respectively. Solid concentration level and apparent amylose content of the rice varieties significantly affected the gelatinization temperatures (T o , T p , and T c ) and endothermic energy (ÀDH ) of both the brown and milled rice flour. Prediction equations for gelatinization temperatures and endothermic energy were developed and presented.
INTRODUCTION
The gelatinization properties of starch are of paramount importance in processing starch based food products as much as other thermal properties. They are useful in determining the amount of heat and time required for cooking and processing raw ingredients in to finished products. Both water and thermal energy play indispensable role in the process of gelatinization of starch in a mix with other food components.
Extensive studies have been reported in the literature on gelatinization properties of pure starch obtained from various sources including cereals, tubers and roots. Gelatinization studies using differential scanning calorimetry (DSC) on various types of starch has been reported by several researchers. [1] [2] [3] [5] [6] [7] [8] These studies showed that varying the water content=starch concentration, gelatinization properties could be altered significantly. It was observed when comparing the thermograms of starch and flour that in wheat flour dough gluten severely limited the water migration. [6] Such phenomena and the fact that in some areas within each starch granule requires a higher temperature to gelatinize, explain the effects noted in a limited water system. It has been also been reported that protein molecules form complexes with carbohydrate during the process of gelatinization of wheat flour. [9] Similar occurrence of complex molecules involving starch and other molecules has been reported also in rice based food processing. Extrusion cooking of rice starch showed increased absorption maxima (l max ) of iodine complex, particularly in non-waxy variety of rice. [10] Often, a small high temperature second endotherms were attributed to the melting of amylose-lipid complexes. [4, 11] The researchers further observed two gelatinization endotherms for milled head rice contrary to the single gelatinization endotherm in milled rice flour samples at 1
C=min in heating rate. Studies related to flour from whole grain rice is very limited. Rice is extensively used in various forms of food as whole grain as much as flour. Many people in South and Southeast Asia use rice flour both from brown and milled rice to prepare various conventional and novelty food items. Every rice based food product needs unique set of processing conditions. In order to predict appropriate process, knowledge of various types and forms of rice and their thermal properties are essential for the whole range of process conditions. The present research was initiated to investigate the gelatinization temperatures, endothermic energy of different varieties and types of rice with variations in their starch constituents.
MATERIALS AND METHODS

Grain Samples
Three varieties of rough rice samples of known textural compositions, representing long, medium, and short grain types, were selected for this study. The varieties were chosen so as to represent different apparent amylose (AAMY) content. Apparent amylose content is the amylose content of non-defatted rice measured in the presence of naturally occurring rice lipids. The rice varieties including Lemont (a long grain with 23% AAMY), Rico-1 (a medium grain with 17.3% AAMY), and Camochi (a short grain with 3.49% AAMY), were collected from TAES, Beaumont in TX. Brown and milled rice samples were prepared in the lab using standard lab milling procedure developed at TAES, Beaumont, TX. Chemical assay on the sample were done earlier. [12] Flour Sample Preparation Rice grain samples were soaked in 55 C warm water for 300 min, rinsed and blotted out of excess surface water, and stored in sealed glass containers until the flour samples were prepared shortly after. The soft brittle kernels were ground thoroughly in a mortar and pestle to make flour out of it with assumed minimal damage to starch granules. Ground flour samples were dried in ambient air at room temperature to a final moisture content of about 7% wet basis (wb), and immediately sealed and stored in refrigerator to prevent it from possible denaturing and spoilage. During experiments, measured amount of flour samples were mixed with predetermined amount of distilled water to obtain desired solid concentration level.
Heating Rate
A Perkin-Elmer DSC-4 DSC (Perkin-Elmer, Instrument Division, CT 06856) was used for the tests. Heating rate of the sample in the DSC was selected after trials with 1 C=min, 5 C=min, and 10 C=min heating. Finally 10 C=min was selected, as because lower rates did not produce distinctly definable thermogram. Such heating rate was used for gelatinization studies of sorghum flour. [8] Other advantages of high heating rate considered were: it reduced chance of retorgradation of amylose molecules during the initial period of scanning, and it increases the vapor pressure surrounding the sample faster than flour sample itself thereby helping water to penetrate the flour sample, that is one of the most important requirements for the gelatinization.
Sample Quantity and Sample Pan
Approximately 22 mg of flour sample, at 7% moisture content (wb), was used per test. Predetermined amount of distilled water was added to obtain desired solid concentration (SC) level. Solid concentration was defined as the ratio of the weight of solid (flour) to the total weight of the solid-water mix, and was expressed in kg=kg, i.e., kg flour =kg flourþwater . Specially manufactured DSC pans for volatile substances were used. These were stainless steel pans (Perkin Elmer Pan #0319-0218) with rubber O-rings and press fit airtight lids. Volume of the pan was 75 mL, enough to accommodate expanded gelatinized starch and=or cooked flour sample.
Test Procedure
Precisely weighed flour sample was encapsulated and sealed in the stainless steel pan as mentioned earlier using sample pan Crimper press provided with the DSC-4 system. The pan containing the weighed sample of water-flour mixture was placed in the pan holder in the Perkin Elmer DSC-4 Calorimeter. An empty pan of same size and type was placed in the reference pan holder. Then pan covers were placed on both the pans. Positions of the pan covers were kept constant as precisely as possible in all experiments. The pan holder was flushed with dry nitrogen gas at 20 psi every time before beginning of the experiment. A little gas flow was maintained throughout the experiment period, in order to maintain a constant temperature environment inside the pan holding chamber. Heating temperature range was set as 25-110 C. Further high temperature was avoided in order to keep the steam pressure in the sample cup within a safe operating limit so that the cup did not dislodge. Data were plotted only for the range of 50 to 110 C, since the gelatinization process was accomplished within this range. Approximately 10 min equilibrium was allowed for equilibration of each sample after adding water and encapsulating it. Each test took about 8.5 min. As soon as the maximum temperature limit was reached (110 C) heating stopped automatically and the sample was immediately cooled down to 25 C. The experiments were designed in the Split Plot fashion. Each of the three varieties was made in to two types of flour sample, brown and milled, and each flour sample was spilt and subjected to three levels of solid concentration treatments. Each treatment combination test (i.e., variety, flour type and solid concentration level) was repeated five times, while the whole experiment was replicated three times.
RESULTS AND DISCUSSION
The Thermograms Typical DSC thermograms obtained for brown and milled rice flours of Lemont, Rico-1, and Camochi varieties are shown in Figs. 1, 2, and 3, respectively. Apparently the thermograms of the milled rice flour of Lemont and Rico-1 variety were generally different than the brown rice flour with a second small endotherm occurring in the former at high temperatures. Another feature of the thermograms was a well-developed sharp peak at low solid concentration levels of the flour that gradually broadened with a trailing shoulder as the SC level increased. The phenomenon was significant in low SC levels of both the flour types. Such a small endotherms at high temperatures are referred to as the melting of amlose-lipid complex. [2] However, with the increase in SC level the second endotherm tended to shift to further high temperature. In Lemont milled rice such a second endotherm occurred at about 98 C at 0.25 kg=kg SC level, while the temperature were 106 C at 0.35 kg=kg. At 0.5 kg=kg SC the second melting of complex molecules might have taken place at further higher temperature. Typical DSC thermograms for Lemont and Rico-1 looked similar in pattern, particularly in shape and occurrence of second endotherm with respect to SC levels. However, DSC thermograms of Camochi flours were significantly different than the other two varieties. Firstly, there was no significant second high temperature endotherm attributing to melting of amylose-lipid complex. Secondly, the thermograms were wide spread with rather blunt and short peak. However, general characteristic shapes with respect to SC levels were similar to those of the other two varieties. Since Camochi rice is very low in amylose content, the absence of a second high temperature endotherm seemed to be quite logical. As discussed earlier, various complex molecules are generally formed with readily available free single chain amylose rather than branched chain amylopectin as the gelatinization process proceeds. 
The Gelatinization Temperatures
Mean gelatinization temperatures of all the three varieties and flour types are shown in Table 1 . Both T o and T p showed a trend of inverse relation with SC that is in agreement with reported literature. [8] Split Plot analysis of variance indicated that the gelatinization temperatures were significantly correlated to SC levels and flour types in all the varieties used in this research. DMR tests revealed that the mean values of T o and T p increased with the decrease in SC level, while T c decreased. It was important to note that the T o and T p were significantly higher in Lemont, a long grain with high AAMY content. Rico-1 ranked second and Camochi had the lowest values. However, the T c values were found in the reverse order. Split Plot analysis of variance for flour samples among flour types indicated that the difference in variety, for that matter AAMY content difference and SC level highly significantly affected the gelatinization temperatures among individual flour types. DMR Tests for means showed that T o , T p , and T c are significantly different. Both the T o and T p increased and T c decreased with the increase in AAMY content in each of the flour types from milled and brown rice.
Gelatinization temperatures were generally higher in brown rice flour than milled rice flours. However, the differences were larger in Camochi (low AAMY rice) flours than the other two varieties. This could be due to possible influence of other components of rice flour, e.g., proteins, lipids, etc., that might have influenced in a similar way as gluten in wheat starch that limits water migration to starch molecules as mentioned earlier. [9] The gelatinization temperatures are also significantly different among the varieties, Lemont being the highest and Camochi the lowest. Besides, the very structure of the starch crystals in the varieties and potential role of amylose in the binding energy in the molecules in the crystal could be responsible for such higher gelatinization temperatures. However, further studies in this direction are warranted before making definite conclusion.
The Endothermic Energy
Mean endothermic energy values are shown in Table 2 . Split Plot analysis of variance indicated that the solid concentration and the flour types of in a variety significantly affected the endothermic energy. Milled rice flour had higher endothermic energy than brown rice flour. Also decreasing the solid concentration level increased the endothermic energy in both the flour types and in all varieties (Fig. 4) . A generalized form of predictive equation for endothermic energy, ÀDH, kJ=kg, as a function of solid concentration in rice flour-water mixture, that empirically evolved, may be expressed as follows:
where, X s ¼ solid concentration, kg flour =kg flour-water mix .
The equations for endothermic energy at different X s are shown in Table 3 . A characteristic second high temperature endotherm was visible in varieties with high and medium amylose content, while waxy rice (low amylose) did not have a second endotherm. This was an indication of the role of possible amylose-lipid complex in building the second endotherm. [2, 3] There was adequate opportunity for flour samples to form amylose-lipid complex due to availability of participating components in the close proximity to one another.
Endothermic energy had highly significant correlation with the levels of AAMY content of the flour sample. Endothermic energy decreased as the AAMY content increased in both milled and brown rice flours (Fig. 5) . General Linear Model procedure (Proc GLM) was applied to the data that clearly indicated the dependence of endothermic energy on both AAMY content and the SC and combined effect of the two. The model is of the following form:
where X a ¼ apparent amylose content, kg=100 kg flour;
X s ¼ solid concentration, kg flour=kg flourÀwater mix; c 1 , . . . , c 5 are coefficients of regression:
Regression coefficients of the best prediction model thus obtained for endothermic energy are given in Table 4 . 
CONCLUSIONS
Gelatinization properties of the brown and milled rice flour of three rice varieties, namely, Lemont, Rico-1, and Camochi were investigated. Thermograms of brown and milled rice flour, typical bell shaped curves, were distinctly different with second peaks at high temperature in the latter flour type. The bell shaped curve produced increasingly low peak and wide base, gradually with the increase in SC level and also decrease in AAMY content of the flour sample. Gelatinization onset temperature (T o ), peak temperature (T p ), and conclusion temperature (T c ) of rice flour were significantly affected by flour type and SC level in flour-water mixture. While T o and T p increased with the decrease in SC level, the T c decreased instead. The gelatinization temperatures also had the similar trend with respect to AAMY content of the flour. In Brown rice flour the gelatinization temperatures were greater than in milled rice flour. Endothermic energy increased significantly as the SC decreased in both the types of flours. Endothermic energy was higher in milled rice flour than in brown rice flour, and had highly significant correlation with SC level as well as AAMY content.
